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Abstract
We present a novel three-dimensional (3D) variational aeroelastic framework for
flapping wing with a flexible multibody system subjected to an external incom-
pressible turbulent flow. The proposed aeroelastic framework consists of a three-
dimensional fluid solver with a hybrid RANS/LES model based on the delayed
detached eddy simulation (DDES) treatment and a nonlinear monolithic elastic
structural solver for the flexible multibody system with constraints. Radial basis
function (RBF) is applied in this framework to transfer the aerodynamic forces and
structural displacements across the discrete non-matching interface meshes while
satisfying a global energy conservation. For the consistency of the interface data
transfer process, the mesh motion of the fluid domain with large elastic defor-
mation due to high-amplitude flapping motion is also performed via the standard
radial basis functions. The fluid equations are discretized using a stabilized Petrov-
Galerkin method in space and the generalized-α approach is employed to integrate
the solution in time. The flexible multibody system is solved by using geometrically
exact co-rotational finite element method and an energy decaying scheme is used
to achieve numerical stability of the multibody solver with constraints. A nonlinear
iterative force correction (NIFC) scheme is applied in a staggered partitioned itera-
tive manner to maintain the numerical stability of aeroelastic coupling with strong
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added mass effect. An isotropic aluminum wing with flapping motion is simulated
via the proposed aeroelastic framework and the accuracy of the coupled solution
is validated with the available experimental data. We next study the robustness
and reliability of the 3D flexible multibody aeroelastic framework for an anisotropic
flapping wing flight involving battens and membranes with composite material and
compare against the experimental results. Finally, we demonstrate the aeroelastic
framework for a bat-like wing and examine the effects of flexibility on the flapping
wing dynamics.
Key words: 3D flexible multibody aeroelasticity, Radial basis functions, Flapping
wing, Large elastic deformation, Partitioned iterative.
1 Introduction
1.1 Background on biologically-inspired flapping flight
Biologically-inspired flapping flight has intrigued human-kind over the past
several centuries. Recently, there is a growing trend in aeronautical engineer-
ing applications to incorporate the understanding of flapping flight dynamics
of birds, insects and bats. A lot of remarkable research work in this area has
been carried out during the past decades, including experiments [1,2], compu-
tational fluid dynamics (CFD) simulations [3,4] and real flapping robots [5]. A
number of recent reviews on several aspects of flapping flight have been doc-
umented [6,7,8,9,10]. Compared with a fixed-wing flight vehicle, the flapping
flight of birds and bats involve active morphing and adaptive flexible wing
configuration, which may offer some unique benefits with regard to efficiency,
noise and manoeuvrability [11]. Therefore, the understanding of flapping wing
∗ Corresponding author
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mechanisms can be useful to incorporate in the designs of micro air vehi-
cles (MAVs) and unmanned aerial vehicles (UAVs). An unsteady turbulent
aerodynamics interacting with nonlinear flexible multibody dynamics poses
a serious challenge in the study of such flapping flight dynamics of animals.
The emerging engineering requirements and the fundamental understanding
of bio-inspired flapping flight have motivated the present computational devel-
opment focusing on the flexible multibody solver interacting with a separated
turbulent flow.
During the past decades, numerous researchers [9,12,13] have explored the
biologically-inspired flapping flight for different flying species (e.g., insects,
birds and bats). The aerodynamic characteristics around rigid and flexible
flapping wings as well as the coupled nonlinear structural responses were in-
vestigated in detail. However, several challenges are still remained for a more
comprehensive and complete understanding of flapping mechanism and the
role of flexibility during flight [9]. For example, previous researches are lim-
ited to some specific airfoils and simplified insect-like wings, which lack the
generalization to a real flapping flight. Biological structures are quite different
for various species, which lead to their unique flapping patterns with specific
mechanisms. Most of the insects have single or several pairs of wings consisted
of the vein and membrane components with widely varying distributions of
flexibility [12]. Specifically, a wing of the bird is made of bones and muscles
to control its flight attitude and the surface is covered by different types of
feathers. In particular, the unique skeletal anatomical structure of a bat has
more degrees of freedom, compared with insects and birds and the membrane-
like wing skin has high flexibility with anisotropic material properties [14]. It
is noticed that a physical structure of different wings can be considered as a
generic flexible multibody system with kinematic constraints. Recently, several
work focus on the study of fluid-flexible multibody interaction, and a realistic
flapping wing including the vein and membrane components is incorporated
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into the simulation. For instance, Gogulapati et al. [15] developed an approx-
imate aerodynamic model coupled with shell elements to simulate a flexible
anisotropic flapping wing. Farhat et al. [16] built an ALE-embedded compu-
tational framework to deal with aeroelastic problems with large structural de-
formation and demonstrated this framework for the anisotropic flapping wing.
The underlying structural models in these two work are discretized only with
shell elements. In Cho et al. [17], the co-rotational beam elements are used
for veins and the co-rotational shell elements are employed for the anisotropic
flapping wing simulation. All the numerical methods in the above mentioned
research work were developed to analyze and to provide a physical understand-
ing of the aeroelastic phenomena around insect-like or bird-mimicking wings.
Only a handful of publications on 3D fully coupled aeroelastic analysis on a
bat flapping dynamics can be found in the literature, compared with a large
number of work on the flight of birds and insects [18]. The main objectives of
the present work are (i) to develop a fully-coupled aeroelastic framework for
flexible multibody analysis of flapping flight dynamics, and (ii) to demonstrate
the proposed aeroelastic framework for a bat-like wing.
1.2 Aspects of computational modeling
Generally, a typical numerical simulation of the aeroelastic problem involves
the coupling of the governing equations of fluid and structural dynamical sys-
tems in two different domains. Currently, two main aeroelastic schemes are
considered to couple the fluid equations and the structural equations namely,
monolithic [19,20] and partitioned [21,22]. A monolithic approach can achieve
good numerical stability for the aeroelastic problem with strong added mass
effect, which assembles the fluid and structural equations into a single block
then solves the coupled equations in a unified manner. However, it is difficult
to take a full advantage of the existing stable and advanced fluid and struc-
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tural solvers, which restricts the scalability and flexibility of an aeroelastic
framework [20,23,24]. Considering the drawbacks of a monolithic scheme, a
partitioned approach is developed to employ the existing suitable fluid and
structural solvers to solve the complex and generic aeroelastic problem. The
fluid and structural equations are solved in a sequential manner, and the trac-
tion and velocity continuities are satisfied along the fluid-structure interface
to achieve numerical stability and accuracy [21,25,26]. However, the added
mass effect associated with acceleration of the flapping wing during flight and
geometry of the wing with thin structures may result to numerical instability
in a partitioned approach [27,28,29]. For the purpose of generality of flexi-
ble multibody aeroelastic analysis, we adopt a partitioned approach in the
present study. In what follows, some backgrounds and relevant literature are
associated with the partitioned aeroelastic framework for flexible multibody
simulations.
In a typical partitioned-based aeroelastic scheme, the surface boundary data
must be transferred along the interface between the fluid and structural do-
mains to satisfy a Dirichlet-type interface conditon (displacements or velocity)
and a Neumann-type (fluid momentum flux or traction) interface condition. A
proper care during interpolation and projection process is required to transfer
the physical data accurately across non-matching meshes between the parti-
tioned fluid and structural domains [26,30,31]. Global and local energy conser-
vation should be satisfied during the aeroelastic coupling while maintaining the
accuracy of data transfer along the interface via Dirichlet-Neumann coupling.
Recently, a high accuracy interface projection scheme with the global and local
energy conservation is successfully applied to 3D fluid-structure problems [31].
In addition to the interface projection problem, a large structural deformation
due to high-amplitude flapping motion poses a challenge for mesh motion to
maintain good mesh quality in a transient aeroelastic computation. In the
recent years, the radial basis function (RBF) method has been demonstrated
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as a simplified approach to interpolate scattered data [32,33] while satisfying
the property of the conservation of global energy transfer. For several aeroe-
lastic problems, the RBF-based interpolation has been employed for the data
transfer across non-matching meshes [34,35] and the mesh motion with large
deformation [36,37]. The marked advantage of the RBF method is that the
connectivity of the nodes is not required, which provides an effective and con-
venient way to implement RBF in any existing framework. For the ease of
implementation during the coupling of fluid domain with flexible multibody
surfaces, we consider the radial basis functions for the interface coupling and
the mesh motion in the present study.
In the context of the present aeroelastic work, the structure of a flexible wing
consists of various components with different material properties and the rel-
ative inertia, which can be considered as a nonlinear elastic multibody sys-
tem. The elastic behavior of such a system is inherently nonlinear, hence the
elastic displacements and rotations cannot be assumed to be small [38]. Geo-
metrically exact elements are able to deal with arbitrarily large displacement
and rotation components in a multibody system exactly and those compo-
nents are defined in a common inertial frame. Energy preserving (EP) time
integrators are generally employed to ensure the discrete conservation of the
total mechanical energy while achieving nonlinear unconditional stability for
multibody systems. However, the undesired high frequency oscillations lead
to numerical divergence for the solution of the nonlinear equations of motion
when solving some complex problems with large number of degrees of freedom
[39]. The nonlinearities of the system induce the energy to transfer from low
to the high frequency modes. The energy decaying (ED) scheme [40,41,42] is
designed based on energy preserving (EP) scheme to deal with the high fre-
quencies in a flexible multibody system, which can achieve nonlinear uncon-
ditional stability. The multibody interaction is solved by a time discontinuous
Galerkin scheme based on the ED approach. The constraints in the system are
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typically enforced by the Lagrange multiplier technique. Such a flexible multi-
body formulation has been successfully applied for the interaction of turbulent
flow with a floater-mooring system comprising a rigid-floater body and a long
flexible riser and mooring lines [43]. We adopt a similar flexible multibody
formulation for the present aeroelastic framework.
In nature, the flight condition of flying animals varies from low Reynolds
numbers to high Reynolds numbers, depending on the real size, flying speed
and flight environment of these animals. Such a highly variable flight condition
involves rich aerodynamic physics during flight, including leading edge vortex
(LEV) generation, massively separated flow, laminar-turbulent transition and
trailing edge vortex (TEV) shedding [12]. Therefore, a practical turbulent
model is desired to capture the complex flow dynamics around a flapping wing.
Compared to direct numerical simulation (DNS) and large eddy simulation
(LES) methods, the delayed detached eddy simulation (DDES) method has
significant advantages to save the computational resources while keeping the
reasonable accuracy for the separated turbulent flow, as demonstrated by [44]
for large-scale fluid-structure simulations. The DDES model offers an effective
and reasonable way to simulate the vortex structures played during a flapping
flight, hence we employ this model in our computational framework.
1.3 Contributions and organization
In this study, a novel 3D variational aeroelastic framework is developed to
simulate the flapping flight with flexible multibody system (e.g., insect-like
and bat-like wing) in a turbulent flow. While the Petrov-Galerkin finite ele-
ment method is used to solve Navier-Stokes equations for the external fluid
flow, geometrically nonlinear co-rotational finite element method is applied to
the flexible multibody system in the structural domain. The DDES method
is employed to simulate the turbulent separated flow during flapping motion.
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The ALE fluid-turbulent solver and the flexible multibody solver are cou-
pled via a partitioned iterative scheme combined with the nonlinear iterative
force correction (NIFC) approach, which achieve numerical stabilization for
the coupled aeroelastic framework. The RBF-based data interpolation ap-
proach is implemented in our framework to transfer the aerodynamic forces
and the structural displacements across the fluid-structure interface while sat-
isfying the property of conservation of energy transfer. The interface force is
corrected at the end of each fluid sub-iteration by means of the NIFC method.
The RBF approach with a compact support is utilized to handle the mesh
motion with a large deformation condition and keep the initial mesh quality
in simulation. For the initial validation, an isotropic aluminum wing and an
anisotropic wing with composite material in flapping flight condition are sim-
ulated by using the proposed novel 3D variational aeroelastic framework with
flexible multibody dynamics. Results are compared against results obtained
from experiments and literature. Finally, we demonstrate the proposed aeroe-
lastic framework to simulate a bat-like flexible wing with supported skeletons
and covered membranes.
In the present paper, we address two important challenges associated with
the variationally coupled aeroelastic framework with flexible multibody sys-
tem for the flexible flapping wing simulation: (i) coupling of an incompressible
turbulent flow and a flexible multibody system with geometrically nonlin-
ear co-rotational finite elements, (ii) the interpolation of aerodynamic forces
and structural displacements between fluid surface elements and structural
finite elements in a flexible multibody environment. For the first challenge,
the proposed partitioned iterative scheme referred above is used to achieve
the coupling between the fluid solver and the multibody structural solver in a
robust and generic manner. It is worth noting that two main problems should
be considered when dealing with the second challenge. Firstly, the information
on the multiple surfaces belonging to different components of an entire struc-
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tural model need to be collected then exchanged with the information from
the fluid domain in an energy conservation manner. While the aerodynamic
tractions at the nodes of each fluid element are interpolated to the target
multiple structural elements by using the RBF method, the collected nodal
structural displacements and the velocity vectors of each structural element
are interpolated to the corresponding fluid mesh nodes. To address the numer-
ical instability caused by the added mass effect, the strongly-coupled NIFC
implementation [45] is employed. The force equilibrium and the velocity con-
tinuity condition conservation on the interface are satisfied by evaluating the
approximate interface force corrections in the nonlinear sequence transforma-
tion. The generalization of Aitken’s ∆2 extrapolation technique is applied to
the iterative sequence coupling, which achieves a stable and convergent force
updating process.
The remainder of this manuscript is organized as follows. In Section 2, the
variational formulations for the fluid and the flexible multibody system with
constraints are reviewed. The detailed procedures for aeroelastic interface in-
terpolation and the NIFC-based fluid-flexible multibody coupling by using
RBF method are presented. The implementation of RBF method in mesh
motion with large deformation condition is then introduced. An isotropic alu-
minum wing and an anisotropic wing with composite material in flapping
flight condition are simulated with the proposed aeroelastic framework and
compared with the available simulation and experimental data for validation
purpose in Section 3. Section 4 presents an application on a bat-like flexible
wing with skeletons and membrane and explores the effects of flexibility and
aerodynamic load. The key conclusions of the present work are summarized
in Section 5.
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2 Partitioned aeroelastic framework for flexible multibody system
The governing equations and the formulations for the present 3D variational
aeroelastic framework are similar to those of [43]. For the sake of complete-
ness, we review the variational formulations for the moving fluid and flexible
multibody solvers, whereas the Navier-Stokes equations are solved using the
Petrov-Galerkin finite element method in the ALE coordinates and the flexible
multibody system is solved via nonlinear co-rotational finite element method.
2.1 Petrov-Galerkin finite element for turbulent flow
Consistent with the work of [43], the Navier-Stokes equations are discretized
using a stabilized Petrov-Galerkin formulation. The gerneralized-α method
is implemented to integrate the ALE flow solution in time domain, which
can achieve unconditionally stable as well as second-order accuracy for linear
problem. Furthermore, user-controlled high frequency damping desired for a
coarser discretization in space and time is enabled by this scheme. The solution
updates for the flow variables with the generalized-α scheme can be written
as
uf,n+1h = u
f,n
h + ∆t((1− γf )∂tuf,nh + γf∂tuf,n+1h ) (1)
uf,n+α
f
h = α
fuf,n+1h + (1− αf )uf,nh (2)
∂tu
f,n+αfm
h = α
f
m∂tu
f,n+1
h + (1− αfm)∂tuf,nh (3)
um,n+α
f
h = α
fum,n+1h + (1− αf )um,nh (4)
where uf,n+1h and u
m,n
h represent the fluid and mesh velocities defined for
each spatial fluid point xf ∈ Ωf (t), respectively, whereas xf and t are the
spatial and temporal coordinates. Here, αf , αfm and γ
f represent the standard
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integration parameters given as
αf =
1
1 + ρf∞
, αfm =
1
2
(
3− ρf∞
1 + ρf∞
)
, γf =
1
2
+ αfm − αf (5)
The fluid spatial domain Ωf can be discretized into nfel number of non-overlapping
finite elements and Ωf =
⋃nf
el
e=1 Ω
e. While Sf,h represents the space of the trial
solutions, Vf,h denotes the space of test function. The variational formulation
of the fluid equations within the Petrov-Galerkin framework can be written
as: find [uf,n+α
f
h , p
f,n+1
h ] ∈ Sf,h such that ∀[φfh, qh] ∈ Vf,h
∫
Ωe
ρf (∂tu
f,n+αfm
h + (u
f,n+αf
h − um,n+α
f
h ) · ∇uf,n+α
f
h ) · φfhdΩ
+
∫
Ωe
σf,n+α
f
h : ∇φfhdΩ +
∫
Ωe
σdes
f,n+αf
h : ∇φfhdΩ
−
∫
Ωe
∇qh · uf,n+αfh dΩ
+
nf
el∑
e=1
∫
Ωe
τm(ρ
f (uf,n+α
f
h − um,n+α
f
h ) · ∇φfh +∇qh) ·Rm(uf , p)dΩe
+
nf
el∑
e=1
∫
Ωe
∇ · φfhτc∇ · uf,n+α
f
h dΩ
e
−
nf
el∑
e=1
∫
Ωe
τmφ
f
h · (Rm(uf , p) · ∇uf,n+α
f
h )dΩ
e
−
nf
el∑
e=1
∫
Ωe
∇φfh : (τmRm(uf , p)⊗ τmRm(uf , p))dΩe
=
∫
Ωe
bf (tn+α
f
) · φfhdΩ +
∫
Γh
hf · φfhdΓ
(6)
where ρf is the density of the fluid and bf is the body force applied on the
fluid, σdes
f,n+αf
h represents the turbulent stress term, σ
f,n+αf
h is the Cauchy
stress tensor for a Newtonian fluid. Here, φfh and qh denote the test functions
of the fluid velocity uf and pressure p. In Eq. (6), the Galerkin terms for
the flow equations are shown in the first, second and third lines. The Petrov-
Galerkin stabilization term for the momentum equation is shown in the fourth
line and the term for the continuity is in the fifth line. The remaining terms
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represent the approximation of the fine scale velocity on the element interiors.
The stabilization parameters τm and τc are added to the fully discretized
formulation and Rm(uf , p) denotes the residual of the momentum equation
[46]. A hybrid RANS/LES model based on the DDES treatment is applied
to model the flow turbulence for high Reynolds numbers. The DDES model
behaves as RANS model in the near wall region and switches to LES-mode in
the separated turbulent region. Further details can be referred to [47].
2.2 Flexible multibody solver with constraints
The motion equations for a flexible structure are discretized using finite ele-
ment method and can be written into a weak variational form using the virtual
work principle
∫ tn+1
tn
(∫
Ωsi
ρs
∂2dsh
∂t2
· φshdΩ +
∫
Ωsi
σs(E˜(dsh)) : ∇φshdΩ
)
dt =
∫ tn+1
tn
(∫
Ωsi
bs · φshdΩ +
∫
Γi
ts · φshdΓ
)
dt
(7)
where Ωsi denotes the multibody domain, φ
s
h and ρ
s represent the test function
for the structural displacements and the structural density, respectively. Here,
dsh is the structural displacement, σ
s is defined as the first Piola-Kirchhoff
stress tensor, bs denotes the body force on the multibody Ωsi and E˜(d
s
h) is the
simplified Cauchy-Green Lagrangian strain tensor. The external force caused
by flow on the interface Γi is defined as t
s.
The kinematic joints, like revolution joint and sphere joint, are used to connect
different components in the flexible multibody system and can be considered
as multibody constrains with the following expression:
c(ds) = 0. (8)
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Generally, the discretized motion equations with constraints for flexible multi-
body system can be written into a matrix form
∫ tn+1
tn
(M sd¨s(t) +Csds(t) +Ksds(t))dt =
∫ tn+1
tn
(F s(t))dt (9)
where M s, Cs and Ks represents the mass, constrain and stiffness matrices
for the flexible multibody system respectively. All the body forces and external
forces caused by flow acting on the multibody system can be combined into
a whole force matrix F s. The forces from constraints will not produce any
work for the multibody system at the discrete solution level, which are not
considered in the force matrix.
The structural variables are updated via an unconditionally stable energy
decaying scheme temporally, which is obtained by using a linear time dis-
continuous Galerkin approximation to Eq. (9). We briefly present the general
discretized motion equations for flexible multibody system with different geo-
metrically nonlinear co-rotational finite element models, including beam, ca-
ble, shell and membrane. The detailed description of geometrically exact shell
model in multibody dynamics can be found in [48,49].
2.3 Aeroelastic coupling and mesh motion via radial basis functions
In this section, we briefly introduce the RBF method and its applications
to the multibody aeroelastic coupling and the mesh motion interpolation in
our ALE formulation. In the proposed partitioned iterative coupling scheme,
the interface data is exchanged between the fluid domain and the multibody
structural domain. Across the non-matching meshes along the aeroelastic in-
terface, the surface data need to be transferred in a conservative manner with
reasonable accuracy.
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2.3.1 Review of RBF interpolation process
Assume that data are interpolated from a set of control points to a set of
target points. Let xci = (x
c
i , y
c
i , z
c
i ) be the coordinate of the i-th control point,
xtj = (x
t
j, y
t
j, z
t
j) be the coordinate of the j-th target point, Nc and Nt be the
number of control points and target points. The global interpolation function
defined by a radial basis interpolation is given by
g(x) =
i=Nc∑
i=1
βiφi + p(x)
=
i=Nc∑
i=1
βiφ(‖x− xci‖) + p(x) (10)
where g(x) is the global interpolation function and x is the coordinate of an
arbitrary point in space and ‖·‖ denotes the Euclidean norm. The coefficient βi
represents the weights related to the i-th basis function φi and p(x) is a linear
polynomial to recover translation and rotation motion, where its expression is
p(x) = λ0 + λ1x+ λ2y + λ3z.
As shown in [32,33], the interpolation relationship between the control vector
Gc and the target vector Gt can be written in the matrix form as
Gt = AI(M I)−1Gc = HIGc (11)
where
Gt =

0
0
0
0
g(xt1)
...
g(xtNt)

, Gc =

0
0
0
0
g(xc1)
...
g(xcNc)

(12)
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where HI denotes the final interpolation matrix between the control vector
and target vector. AI and M I are the interpolation matrices given by
M I =

0 0 0 0 1 1 · · · 1
0 0 0 0 xc1 x
c
2 · · · xcNc
0 0 0 0 yc1 y
c
2 · · · ycNc
0 0 0 0 zc1 z
c
2 · · · zcNc
1 xc1 y
c
1 z
c
1 φ
c,c
11 φ
c,c
12 · · · φc,c1Nc
...
...
...
...
...
...
. . .
...
1 xcNc y
c
Nc z
c
Nc φ
c,c
Nc1 φ
c,c
Nc2 · · · φc,cNcNc

(13)
AI =

1 xt1 y
t
1 z
t
1 φ
t,c
11 φ
t,c
12 · · · φt,c1Nc
...
...
...
...
...
...
. . .
...
1 xtNt y
t
Nt z
t
Nt φ
t,c
Nt1 φ
t,c
Nt2 · · · φt,cNtNc
 (14)
with φc,cij = φ(
∥∥∥xci − xcj∥∥∥) and φt,cij = φ(∥∥∥xti − xcj∥∥∥), respectively. A compactly
supported Wendland’s C2 function [32,34] has been proved as an effective ba-
sis function for the interpolation with improved accuracy, which is considered
in the framework. The basis function with a compact support is defined as
φ(‖x‖) = (1− ‖x‖ /r)4(4 ‖x‖ /r + 1), where r denotes the support radius.
2.3.2 Multibody aeroelastic coupling
The aeroelastic coupling involves two data transfers across the interface: (i)
forces from the fluid domain to the structural domain and (ii) displacements
from the structural domain to the fluid domain. A schematic diagram of in-
terface data interpolation via RBF method is depicted in Fig. 1. The energy
conservation should be satisfied in the interpolation of forces and displace-
ments along the aeroelastic interface. Generally, the work W s done by forces
in structural domain on the interface equals to the work W f done by the
aerodynamic forces according to the definition of energy conservation, which
15
Multibody
structure
Fluid
Γs
Γf
Fluid forces
Structural
displacementsData transfer via RBF
Beam
Shell
Fluid element
Structural node
Fluid node
Rigid
Fig. 1. Schematic of interface data transfer via RBF method across non-matching
meshes between fluid domain and multibody structure system involving rigid link,
flexible beam and shell members.
is given as
W s(ds) =
∫
Γfs
(σsns) · ds dΓ =
∫
Γfs
(σfnf ) · df dΓ = W f (df ) (15)
where ds and df are the displacements along interface in the structural and
fluid domains, respectively.
For the aeroelastic interface coupling process, the interpolation equation of
displacements along interface can be written as
Df,I = HIssD
s,I (16)
where Df,I and Ds,I are the displacement vectors along interface for the fluid
domain and the structural domain, respectively. Both the vectors have the
same vector form as shown in Eq. (12). The matrix HIss interpolates the dis-
placements from the structural surface nodes to the fluid surface nodes. As
the balance of energy transfer at the interface must be achieved during the
interpolation process, according to Eq. (15) and Eq. (16), the interpolation
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between the fluid forces and the structural forces can be written as
F s,I = (HIss)
TF f,I (17)
where F f,I and F s,I are the force vectors along the interface for the fluid do-
main and the structural domain, respectively. We numerically evaluate the mo-
mentum flux through the boundary faces and provide the interpolated forces
to the structural solver. Such an interpolation process across aeroelastic inter-
face is performed at each time step in the partitioned iterative scheme with
the conservation of energy transfer at the fluid-structure interface.
2.3.3 Mesh motion interpolation
The aeroelastic coupling involve a deformation of the fluid mesh in response to
a movement of the structure. The interpolation of the mesh motion using radial
basis function can handle mesh motion with a relatively moderate deformation
without distorting the mesh quality. Moreover, the mapping matrix used for
the interface displacement interpolation can be easily extended to a three-
dimensional fluid domain. In our framework, the mesh motion of the fluid
nodes in the domain is interpolated from the fluid nodes on the interface. The
relationship between the displacement vector of fluid nodes in the domain Dfv
and the displacement vector of the fluid nodes on the interface Df,Is is given
as
Dfv = H
I
vsD
f,I
s (18)
where HIvs denotes the interpolation matrix for the fluid space nodes. Note
that, HIvs includes the polynomial term p(x) shown in Eq. (10), where its
value increases linearly with x. While these terms can preserve good mesh
quality in the near wall region, an undesired translation and rotation motion
will be interpolated to the fluid nodes at the boundary of the computational
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domain. Hence, a smooth cut-off function [33] is implemented to adjust the
deformation far away from the interface.
2.4 Nonlinear interface force correction scheme
Nonlinear interface force correction scheme [45] can provide a numerical stabil-
ity for the partitioned aeroelastic coupling when significant added mass effect
is encountered in an aeroelastic simulation. This scheme has been extended
to the flexible multibody aeroelastic coupling simulation to achieve numeri-
cal stability and the iterative force correction procedure is briefly summarized
herein. The formulation for a coupled linear system between the fluid domain
and the structure domain which is discretized by the finite element method
can be written into the matrix form AU = R, where U denotes the vector of
the unknowns for the coupled system and R represents the right-hand side.
The abstract matrix form can be written as

A11 0 0 A14
A21 A22 0 0
0 A32 A33 0
0 0 A43 A44


∆ds
∆dI
∆qf
∆f I

=

R1
R2
R3
R4

(19)
where A11 denotes the mass and stiffness matrices of flexible multibody
system and A14 is the load vector on the solid surface. A21 represents the
transformation matrix which maps the structural displacements to aeroelastic
interface and A43 denotes the force calculation and transform to the interface.
A22 and A44 are the identity matrices. A32 gives the relationship between the
displacement on interface and the ALE mapping in the fluid domain. A33 is
the coupled fluid velocity and pressure linear system. ds denotes the structural
displacement for the flexible multibody system and dI represents the displace-
ment along the coupling interface. qf is the unknown variables in fluid domain
18
and f I is the force on interface. The right-hand side vectorRi shows the resid-
ual of this linear system for the different equations. In this matrix form, the
first equation is the flexible multibody system and the third equation is re-
lated to the fluid and turbulence equations. The second and fourth equations
correspond to the displacement and traction transformation between the fluid
domain and structure domain, respectively.
The off-diagonal term A14 can be eliminated through the static condensation
and Eq. (19) can be rewritten as
A11 0 0 0
A21 A22 0 0
0 A32 A33 0
0 0 0 A˜44


∆ds
∆dI
∆qf
∆f I

=

R1
R2
R3
R˜4

(20)
where A˜44 = A44−A43A−133A32A−122A21A−111A14 and R˜4 = R4−A43A−133 (R3−
A32A
−1
22 (R2 −A−111A21R1)). An iterative scheme is used to correct the forces
between the fluid domain and structure domain with a feedback process. The
formulation of nonlinear iterative force correction is given as
f I(k+1) = f
I
(k) + A˜
−1
44 R˜4(k) (21)
where k denotes the nonlinear sub-iteration with a single time step. The cur-
rent nonlinear iterative force correction process can be considered as a gen-
eralization of Aitken’s extrapolation while updating a dynamic stabilization
parameter, which could transform a divergent fixed-point iteration to a con-
vergent and stable force correction [45]. Finally, a numerical stability can be
achieved with the aid of the NIFC scheme for the partitioned fluid-flexible
multibody system coupling.
19
2.5 Fluid-flexible multibody coupling procedure
The partitioned iterative coupling procedure of the fluid solver with the flex-
ible multibody structural solver is briefly summarized in this section. The
schematic of aeroelastic coupling procedure based on a predictor-corrector al-
gorithm is shown in Fig. 2. The predictor displacement is calculated from
the flexible multibody equations and the ALE fluid equations can be solved
to provide the forces on the fluid-structure interface as a corrector step. The
structural displacement caused by the aerodynamic forces at time tn is de-
fined as ds(xs, tn). Firstly, the structural displacements of each component in
the flexible multibody system is solved via the time discontinuous Galerkin
approximation under the loads from the fluid domain at time tn. Then the
structural displacements obtained from the previous step are transferred to
the fluid solver and it is satisfied the ALE compatibility and the velocity con-
tinuity on the interface Γfs. To satisfy the consistency of the non-matching
fluid and structural mesh configurations, the mesh displacements are set equal
to the structural displacements along the interface as
dm,n+1 = ds on Γfs (22)
where dm,n+1 represents the mesh displacement at time tn+1. Meanwhile, the
velocity continuity on interface Γfs is satisfied when the fluid velocity equals
to the mesh velocity.
uf,n+α
f
= um,n+α
f
=
dm,n+1 − dm,n
∆t
on Γfs (23)
In the third step, the Navier-Stokes equations under the ALE framework with
the turbulence model equations are solved and compute the fluid forces. Fi-
nally, the obtained fluid forces are corrected based on NIFC scheme to achieve
the numerical stability then transferred to the flexible multibody solver. One
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aeroelastic sub-iteration is finished and the sub-iteration mentioned above will
be executed continuously until the convergence criterion has achieved. Sub-
sequently, all the variables in this aeroelastic solver are updated for the next
time step tn+1.
The Generalized Minimal RESidual (GMRES) algorithm is applied in the cur-
rent framework to compute the velocity, pressure and mesh displacement in
fluid equations discretized with finite element method. This algorithm relies
on the Krylov subspace iteration and the modified Gram-Schmidt orthog-
onalization. In order to minimize the linearization error at each time step,
the Newton-Raphson scheme is considered for the aeroelastic framework. Fur-
thermore, the discretized algebraic equations based on the flexible multibody
system with the co-rotational framework are solved via a classical skyline
solver.
3 Mesh convergence and validation
Before we demonstrate our multibody aeroelastic framework for a bat-like
wing, a mesh convergence study is first conducted to ensure a sufficient mesh
resolution employed on both the fluid and structure domains. We validate our
multibody aeroelastic solver against the experiment work of [50] by simulating
a flexible flapping wing with an anisotropic material, where the structural
responses are compared to the experimental data, and the vortex patterns are
analyzed.
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Ωf Ω
s
Γfs
ds(xs, tn)
ds(xs, tn+1)
u¯f(xf , tn),
p¯f(xf , tn),
ν˜f(xf , tn)
u¯f(xf , tn+1),
p¯f(xf , tn+1),
ν˜f(xf , tn+1)
u¯
f = u
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Fig. 2. A schematic of predictor-corrector procedure for ALE fluid solver and flexible
multibody solver coupling via nonlinear iterative force correction. (1) Solve flexible
multibody system with constraints, (2) Transfer predicted structural displacement,
(3) Solve ALE fluid and turbulence equations, (4) Correct forces via NIFC filter.
nIter represents the maximum number of nonlinear iterations to achieve a desired
convergence tolerance in a time step at t ∈ [tn, tn+1].
3.1 Mesh convergence
The mesh convergence study is conducted by simulating a wing with isotropic
material using three different mesh resolutions on the fluid and structure do-
mains. The wing simulated is adopted from an experimental study [50], and its
properties are summarized in Table 1. It is an isotropic aluminum wing with
Zimmerman shape, which is designed to investigate the aerodynamic charac-
teristics under flapping flight condition. A schematic diagram of the geometry
of the wing and its surrounding aeroelastic computational domain are shown in
22
25mm
75mm
Trailing edge
Wing tip
Leading edge
Fixed square
(a)
Γin Γout
60C
80C
60C
wing
C
(b)
Fig. 3. Flow past a flapping wing: (a) geometry of isotropic wing, (b) schematic of
computational setup.
Fig. 3. The root chord length C is 25 mm and the span length is 75 mm, which
results in an aspect ratio of 7.65. The flapping condition is hovering motion
with 10 Hz flapping frequency and 21◦ flapping amplitude. The reference flow
velocity is the velocity measured at the wing tip and the freestream velocity
is given as zero. The distances of the inlet (Γin) and outlet (Γout) boundaries
from the leading root of the wing are both 30C. The distance between the side
walls (Γslip) on top and bottom is 60C and the distance increases to 80C for
the side walls on both sides. The components of the flow velocity are defined
as uf = (uf , vf , wf ). The freestream velocity along the X-axis at the inlet
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boundary Γin is given as u
f = U . Slip boundary condition is applied on the
top and bottom boundaries (Γslip), where
∂uf
∂z
= 0 and wf = 0. Slip bound-
ary condition is applied on both side boundaries (Γslip), where
∂uf
∂y
= 0 and
vf = 0. A traction-free boundary condition is defined at the outlet boundary
Γout, where σxx = σyx = σzx = 0. The boundary condition on flapping wing
surfaces is no-slip boundary condition.
The three-dimensional fluid computational domain is discretized by unstruc-
tured eight-node brick finite element mesh and the structural computational
domain is discretized by structured four-node rectangular finite element mesh.
A summary of three different mesh resolutions is shown in Table 2. A boundary
layer with y+ ≈ 0.5 in the wall-normal direction is maintained, with a stretch-
ing ratio, ∆yi+1/∆yi of 1.2. The discretization along chord direction, span-wise
direction and outside the boundary layer is varied. The non-dimensional time
step size, ∆tUref/C is chosen as 0.01. Details of mesh statistics in space and
on surface for the fluid domain with M2 are shown in Fig. 4a and 4b, respec-
tively. A finite element mesh on structural surface with M2 is shown in Fig.
4c.
For the purpose of mesh convergence investigation, the amplitude of lift coef-
ficients for three different meshes are calculated and compared with literature
data, which are shown in Table 3. The results indicate that the gap between
M1 and M3 is within 1% and it reduces to 0.15% for M2 and M3. It is con-
cluded that M2 has achieved mesh convergence and it can be used as the
reference case to compare with experiment data. The comparison of lift coeffi-
cient histories in one cycle is displayed in Fig. 5a and the simulated result for
M2 shows a good comparison with the result of [51]. The normalized displace-
ment at wing tip is compared in Fig. 5b with that of the experiment [50]. It can
be seen that the normalized displacement at wing tip in one non-dimensional
cycle has a good match with the experimental measurements.
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(a) Fluid space mesh
(b) Fluid surface mesh (c) Structural surface mesh
Fig. 4. Schematic of mesh characteristics: (a) in space for flapping wing in the fluid
domain (M2), (b) on surface for flapping wing in the fluid domain (M2), (c) on
surface for flapping wing in the structural domain (M2).
The velocity magnitude contour, X-vorticity contour for a slice at the quarter
position along chord-wise and Y -vorticity contour for a slice at the middle
position along span-wise at both t/T = 0.3 and t/T = 0.48 are shown in
Fig. 6, respectively. It can be seen from the Y -vorticity contours that a pair
of main vortices is generated at the leading edge and trailing edge during
the hovering motion. The normalized velocity magnitude distributions along
vertical direction of the flapping wing at wing tip and mid-span for both time
instants t/T = 0.3 and t/T = 0.48 are extracted from the flow field and
compared with those obtained from [50] and [51], which are shown in Fig. 7.
The experiment result is displayed with 95% errorbars of the instantaneous
values. The normalized velocity magnitude distributions simulated via our
aeroelastic framework show similar trends with those in literature and the
experiment.
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Table 1
Aeroelastic parameters for an isotropic aluminum wing under hovering motion
Parameters Value
Semi-span at quarter chord 0.075 m
Chord length at wing root 0.025 m
Structural thickness 0.0004 m
Poissons ratio 0.3
Material density 2700 kg/m3
Youngs modulus of material 70.0 GPa
Reference flow velocity (hovering) 1.0995 m/s
Air density 1.209 kg/m3
Mean chord-based Reynolds number 2605
Flapping frequency 10 Hz
Flapping amplitude 21◦
Aspect ratio 7.65
Table 2
Mesh statistics for an isotropic wing under hovering motion
Mesh Fluid nodes Fluid elements Structural nodes Structural elements
M1 509,082 492,630 114 90
M2 816,312 795,614 182 150
M3 1,311,120 1,284,226 506 450
The instantaneous turbulent wake fields of the complex three-dimensional flow
around the flapping wing at four various time instances with t/T = 0, 0.25, 0.5
and 0.75 are displayed in Fig. 8. The non-dimensional Q-criterion at isosur-
face of 1 is used to depict the detailed and complex vortex structures around
flapping wing and it is colored by the normalized velocity magnitude during
hovering motion.
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Table 3
Mesh convergence study for the lift coefficient CL. The percentage differences are
computed based on M3 result.
Results Amplitude of lift coefficient CL
Present (M1) 6.65 (0.61%)
Present (M2) 6.6 (-0.15%)
Present (M3) 6.61
Aono et al. 6.24
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Fig. 5. Comparisons of time traces of the isotropic flapping wing: (a) lift coefficient:
(4) Present simulation, () Aono et al. [51], (b) normalized displacement at wing
tip: (4) Present simulation, (•) Experiment [50].
3.2 Validation of multibody aeroelastic framework
A multibody flexible wing adopted from the experiment [50] with composite
material flapping in a vacuum is first simulated to validate the flexible multi-
body structural solver. The wing flapping in air flow is considered for our
validation purpose of the proposed aeroelastic solver. This wing is designed
to mimic a real hummingbird wing based on Zimmerman planform and the
membrane with Capran material is supported by several skeletons made of
unidirectional carbon fibers. The schematic of this anisotropic wing for a de-
tailed geometric information is depicted in Fig. 9a. A rigid triangle made of
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(a) t/T = 0.3 (b) t/T = 0.48
(c) t/T = 0.3 (d) t/T = 0.48
(e) t/T = 0.3 (f) t/T = 0.48
Fig. 6. Flow fields around the isotropic flapping wing in uniform flow: velocity
magnitude at (a) t/T = 0.3, (b) t/T = 0.48, X-vorticity at (c) t/T = 0.3, (d)
t/T = 0.48, and Y -vorticity contours at (e) t/T = 0.3, (f) t/T = 0.48.
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(b) t/T = 0.3 at wing tip
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(c) t/T = 0.48 at mid-span
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(d) t/T = 0.48 at wing tip
Fig. 7. Flow past an isotropic flappig wing: Comparison of instantaneous velocity
magnitude for isotropic wing at various time instants: (a) t/T = 0.3 at mid-span,
(b) t/T = 0.3 at wing tip, (c) t/T = 0.48 at mid-span, (d) t/T = 0.48 at wing tip.
(4) Present simulation, () Aono et al. [51], (•) Experiment with 95% errorbars
[50].
three layers of bidirectional carbon fiber is used to mount the wing during
the flapping deformation and it is inserted at the corner of the wing root and
the leading edge. A schematic of the topological layout is presented in Fig.
9c. This anisotropic wing is reinforced at the leading edge, the wing root and
the surface of membrane with different layers of carbon fiber strips of 0.8 mm
width. Different wings with specific layout schemes are termed LiBj, where
L represents the leading edge, B stands for the batten and i, j denotes the
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(a) t/T = 0 (b) t/T = 0.25
(c) t/T = 0.5 (d) t/T = 0.75
: 0 0.2 0.4 0.6 0.8 1 1.2 1.4‖U‖ /Uref
Fig. 8. Flow past an isotropic flapping wing: Wake structures based on the instan-
taneous iso-surfaces of Q(= −12
∂ufi
∂xj
∂ufj
∂xi
) value at (a) t/T = 0, (b) t/T = 0.25, (c)
t/T = 0.5, (d) t/T = 0.75. Iso-surfaces of non-dimensional Q+ ≡ Q(C/Uref )2 = 1
are colored by the normalized velocity magnitude ‖U‖ /Uref .
number of layers in the leading edge and the batten, respectively. The wing
root is reinforced with 2 carbon fiber layers for all wings.
L2B1 and L3B1 models are considered to validate the high-fidelity flexible
multibody solver in our proposed aeroelastic framework. For L2B1 and L3B1
models, the leading edge is reinforced with two and three layers, respectively.
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Each batten is reinforced with 1 layer for both models. Details of mate-
rial properties of the composite skeleton and the wing membrane for the
anisotropic wing with L2B1 and L3B1 models are summarized in Table 4.
Some structural material parameters are adjusted to satisfy the structural
mode frequencies and shapes obtained from experiments according to the cor-
rection work in [52]. Geometrically exact co-rotational shell elements with
anisotropic material are employed for skeletons and shell elements with ho-
mogeneous isotropic material are used for the wing membrane. Different finite
elements are connected with their adjacent elements via kinematic constraints.
The structural model is discretized by 315 structured four-node rectangular
finite elements and the detailed mesh characteristic is given in Fig. 9b.
The first six order natural frequencies are analyzed for L2B1 and L3B1 models
with specific material properties. The comparison with frequencies obtained
from the experiment [50] and literature [52] shows that the present results have
good agreement, which is given in Table 5. In the experiment, this anisotropic
wing is given a prescribed rotation flapping motion along wing root direction
at the mounting rigid triangle in a vacuum. The flapping amplitude is 35◦ and
the flapping frequency is set to 25 Hz. The time transient structural responses
at wing tip is measured and compared with those obtained from experiment
[50]. Here δz,tip denotes the actual location in the vertical direction of wing
tip at computational coordinate and δw,tip represents the distance between
deformed actual wing tip and the undeformed reference plane. The comparison
of the initial reference plane, the undeformed reference plane and the deformed
actual plane is depicted in Fig. 9d.
Comparisons of time histories for the normalized location in the vertical di-
rection and the normalized displacement at the wing tip for L2B1 and L3B1
models undergoing prescribed rotational motion in a vacuum are shown in
Fig. 10, respectively. The results indicate that the high-fidelity flexible multi-
body solver can simulate the nonlinear structural responses of the anisotropic
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Table 4
Material properties of the composite skeleton and wing membrane for the
anisotropic wing (L2B1 and L3B1 models) [52]
Component Material properties
Carbon fiber prepreg
(Properties of one
layer)
E11=233 GPa
E22=23.7 GPa
G12=10.5 GPa
G23 = G31=1.7 GPa
v12=0.05
v23 = v31=0.32
ρ=1740 kg/m3
Thickness=0.1 mm
Capran membrane
(From experiments)
E=2.76 GPa
v12=0.489
ρ=1384 kg/m3
Thickness=0.015 mm
wing with multiple components and shows reasonable agreement with the date
obtained from the experiment. In our simulation results, the wing tip defor-
mation is varied in different cycles, which is similar to the conclusion obtained
in [52]. The structural responses are averaged over several cycles, according to
the periodic assumption in experimental measurements. One possible reason
causing discrepancies in the comparison is some uncertain factors connected
with the actuation mechanism [50]. The instantaneous structural displacement
contours of L2B1 model for four time instants in a whole flapping cycle are
given in Fig. 11. The anisotropic wing shows a relatively large elastic defor-
mation and the wing twist due to the high flexibility of the wing material.
In the experiment, the anisotropic wing flapping in air condition is also per-
formed to investigate the aeroelastic effect on the flapping motion. Therefore,
an anisotropic wing with L3B1 model is simulated by using the proposed
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Table 5
Comparison of the natural frequencies for anisotropic wing
Model Result
Natural frequencies (Hz)
1st 2nd 3rd 4th 5th 6th
L2B1
Present 45.03 73.16 76.39 94.45 106.35 116.31
Gogulapati A. 47.00 72.00 76.50 88.00 109.00 118.80
Experiment 42.00 84.00 126.00
L3B1
Present 62.71 76.13 79.55 106.31 111.00 119.39
Gogulapati A. 65.00 75.50 76.80 107.00 109.00 120.00
Experiment 59.00 104.00 138.00
25mm
9.375mm 18.75mm 18.75mm 18.75mm 9.375mm
Rigid triangle
Batten
Leadning edge
Trailing edge
Root
(a) (b)
L3B1
L2B1
L1B1
L3B2
L2B2
L1B2
Number of layers for leading edge layup
Number of layers for batten layup
0.12g
0.10g
0.08g
0.13g
0.11g
0.09g
(c) (d)
Fig. 9. Problem set-up for anisotropic wing configuration: (a) geometry information,
(b) finite element representation, (c) the topological layout [50], (d) initial reference
plane, undeformed reference plane and deformed actual plane.
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Fig. 10. Comparison of structural responses for anisotropic wing: (a) normalized
location in vertical direction of L2B1 model at wing tip, (b) normalized displace-
ment of L2B1 model at wing tip, (c) normalized location of L3B1 model in vertical
direction at wing tip, (d) normalized displacement of L3B1 model at wing tip. (4)
Present simulation, (•) Experiment [50].
aeroelastic framework for validation purpose. In the experiment, the material
properties of the anisotropic wing are summarized in Table 4 and a hov-
ering motion is employed with zero freestream velocity. Detailed simulation
parameters for the aeroelastic simulation are given in Table 6. Considering the
similar simulation condition as the isotropic flapping wing, a similar aeroelas-
tic computational domain is shown in Fig. 3b. Identical boundary conditions
for the computational domain of anisotropic wing are applied as those of the
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(a) (b)
(c) (d)
: -0.03 -0.021 -0.012 -0.003 0.006 0.015 0.024δz
Fig. 11. Structural displacement contours of L2B1 model at various time instants:
(a) t/T = 0.19 with flapping angle 32.54◦, (b) t/T = 0.34 with flapping angle
29.55◦, (c) t/T = 0.55 with flapping angle −10.50◦, (d) t/T = 0.69 with flapping
angle −32.82◦.
isotropic wing configuration. A similar mesh distribution is adopted for the
three-dimensional fluid computational domain with 492,630 unstructured fi-
nite elements. The structural mesh is same as shown in Fig. 9b with 315
structured finite elements. The distance between the first grid point in the
boundary layer and wing surface is set as 9.28×10−4C with y+ ≈ 0.5 and
the number of divisions along the vertical direction of the wing surface is 25
and stretching ratio, ∆yi+1/∆yi is 1.2. The non-dimensional time step size,
∆tUref/C is set to 0.0018.
For the purpose of validation, the comparisons of normalized location in ver-
tical direction and normalized displacement at the wing tip are given in Fig.
12, respectively. Results indicate that the overall trends of the flapping wing
are well predicted, compared with the experimental data. Fig. 13 graphically
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Table 6
Aeroelastic parameters for an anisotropic wing under hovering motion
Parameters Value
Reference velocity (hovering) 4.58 m/s
Air density 1.206 kg/m3
Reynolds number 7304
Flapping frequency 25 Hz
Flapping amplitude 35◦
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Fig. 12. Comparison of coupled aeroelastic responses for anisotropic flapping wing:
(a) normalized location of L3B1 model in vertical direction at wing tip, (b) normal-
ized displacement of L3B1 model at wing tip. (4) Present simulation, (•) Experi-
ment [50].
shows the iso-surface of the non-dimensional Q-criterion of 1 for L3B1 model
colored by the normalized velocity magnitude during a flapping motion pe-
riod. Detailed turbulent wake structures and their evolution process can be ob-
served. Overall, the proposed fluid-flexible multibody solver is able to simulate
flexible flapping wing with multibody components. The detailed aerodynamic
characteristics around the flapping wing and nonlinear structural responses
are captured accurately, and compared well with the available experimental
data.
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(a) t/T = 0 (b) t/T = 0.25
(c) t/T = 0.5 (d) t/T = 0.75
: 0 0.2 0.4 0.6 0.8 1 1.2 1.4‖U‖ /Uref
Fig. 13. Flow past an anisotropic flapping wing: Wake structures of L3B1 model
based on the instantaneous iso-surfaces of Q(= −12
∂ufi
∂xj
∂ufj
∂xi
) value at (a) t/T = 0,
(b) t/T = 0.25, (c) t/T = 0.5, (d) t/T = 0.75. Iso-surfaces of non-dimensional
Q+ ≡ Q(C/Uref )2 = 1 are colored by the normalized velocity magnitude ‖U‖ /Uref .
4 Application to bat-like flapping dynamics
As mentioned earlier, the flight patterns and the mechanism of bats are quite
different from birds and insects. The lack of understanding about how bats
fly efficiently prompts researchers to investigate via experiments and CFD
37
simulations. However, the complex flight kinematics, the special wing struc-
tures comprising skeletons with multi-degree of freedom and highly flexible
wing-membrane skin as well as the significant aeroelastic phenomena during
flight prevent the research progresses for bat flight. The presently available
results about the bat flapping dynamics are quite limited, especially from
fully-coupled computational modeling. For the first time, we demonstrate the
capability of our fully-coupled multibody aeroelastic framework to simulate
a bat-like flexible wing. The effects of flexibility and aerodynamic load are
investigated to explore their impact on the dynamics of the wing.
4.1 Structural model setup
A bat-like wing made of several wing skin-like membranes and reinforced skele-
tons is constructed to investigate the aeroelastic responses with different flight
patterns. We consider the bat-like wing but ignore its body and other compo-
nents. A schematic of the constructed bat-like wing is shown in Fig. 14a. The
basic, simplified shape of the bat-like wing is referred to a flapping bat robot
made in Brown University [5]. In our simulation, the chord at the wing root
is 0.27 m and the span is 0.69 m, resulting in a wing area of 0.124 m2.
A rigid strip is applied at the wing root to fix the wing like the bat body. Two
strips near to the wing root represent the humerus bone and radius bone,
respectively. Several strips in the outer region stand for bat fingers. All these
components are used to support the covered wing membranes. The detailed
geometric sizes of these bones and fingers are designed to approach those
of a real bat, based on the research work of P. Watts [53]. The widths and
thicknesses of these bones and fingers are varied along their axial direction in
order to adjust and achieve reasonable stiffness distributions to support the
wing membranes. Meanwhile, the thickness of the wing membrane becomes
thinner in the outer region than that near to the wing root, which allows
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Table 7
Material properties of the skeletons and wing membrane for the bat-like wing (→
represents the variation of thickness along axial direction)
Material properties
Components
M1/M2/M5 M3/M4 B1/B2 B3/B4 B5 B6
Young’s modulus (MPa) 4 3 5000 3000 2500 2000
Poisson ratio 0.3 0.3 0.3 0.3 0.3 0.3
Density (kg/m3) 1100 1100 2200 2200 2200 2200
Thickness (mm) 0.8/0.6/0.4 0.2 5/4 2→1.5 3→2 2
0.27m
0.69m
Humerus bone
Radius bone
Wing membrane
Fingers
Rigid wing root
(a)
M1
M2
M3
M4
M5
B1 B2 B3 B4
B5
B6
(b)
Fig. 14. Schematic of bat-like wing: (a) geometric information, (b) indication of
different components.
a relative larger elastic deformation in the outer region. The indication of
six bones and five membranes in this wing is provided in Fig. 14b. All the
components in this bat-like wing are assumed to be made of homogeneous,
isotropic material. Material properties of the skeletons and wing membranes
in different wing regions are summarized in Table 7.
4.2 Effect of flexibility
To investigate the effect of flexibility on the dynamics of a bat-like flexible
wing, a rigid wing with identical geometry is simulated and compared to its
flexible counterpart. To eliminate the effect of flapping motion, the bat-like
wing in a gliding flight is considered. The gliding flight is simulated by applying
a uniform flow to the wing while constraining its root in all six degree-of-
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freedom. Structural deformation due to aerodynamic load is allowed for the
flexible wing, but not allowed for the rigid wing. The detailed parameters
for the simulation are summarized in Table 8. A schematic diagram of the
bat-like wing setup is depicted in Fig. 15a. The length of chord at the wing
root is defined as C. The distances between the inlet boundary (Γin) and
the outlet boundary (Γout), the top and bottom boundaries (Γslip) and the
boundaries on both sides are the same of 200C. The no-slip Dirichlet boundary
condition is applied on the surface of bat-like wing. The freestream velocity
along the X-axis at the inlet boundary Γin is defined as u
f = U , where uf
is the X-component of the flow velocity uf = (uf , vf , wf ). The slip boundary
condition is applied on the top and bottom as well as the side boundaries. A
traction-free boundary condition is defined at the outlet boundary Γout, where
σxx = σyx = σzx = 0.
The three-dimensional fluid computational domain is discretized by 454,258
unstructured eight-node brick finite element meshes. A boundary layer is main-
tained around the wing such that y+ < 1.0 in the wall-normal direction. Mesh
distribution slice in the fluid domain at mid-span is shown in Fig. 15b. Geo-
metrically exact co-rotational shell elements are employed for wing membrane
and bones. The structural model is discretized by 496 structured four-node
rectangular finite elements. Mesh characteristics on the wing surface in both
the fluid domain and the structural domain are compared and given in Fig.
16a and 16b, respectively. The non-dimensional time step size is selected as
∆tU/C = 0.022.
Comparison of the deformed flexible wing and rigid wing colored by non-
dimensional displacement in the vertical direction is shown in Fig. 17a. The
maximum displacement is observed at the wing tip and the covered mem-
branes have some small wrinkles on the surface. Comparison of the mean lift
coefficient (C¯L) and the mean drag coefficient (C¯D) for the rigid and flexi-
ble wing is presented in Table 9. C¯L decreases from 0.6234 to 0.5746 and C¯D
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Table 8
Simulation parameters for a bat-like wing under gliding motion
Parameters Value
Semi-span length 0.69 m
Chord length at wing root 0.27 m
Wing area 0.124 m2
Freestream velocity 2.0 m/s
Angle of attack 20◦
Air density 1.225 kg/m3
Mean chord-based Reynolds number 24609
reduces by 13.17% due to the passive deformation of flexible wing and its
compliant membrane components. As a result, the lift-to-drag ratio of flexible
wing (C¯L/C¯D) increases by 6.13%, compared with the rigid wing.
For further investigation, wake structures for both rigid and flexible wings
based on instantaneous iso-surfaces of non-dimensional Q-criterion of 0.25 col-
ored by the normalized velocity magnitude are given in Fig. 17b. The shedding
vortex structures behind the bat-like wing are changed by the wing deforma-
tion via aeroelastic coupling. Fig. 18 provides streamlines around the rigid and
flexible wings colored by the normalized velocity magnitude. A massive sepa-
ration flow on the upper surface is observed and the flow patterns are altered
by the wing deformation, compared with the rigid wing counterpart. In sum-
mary, the flexibility of the wing significantly affects the dynamics of a bat-like
wing. Further investigation can be conducted by simulating a range of flexibil-
ities to quantitatively investigate its effect on the aerodynamic performance
of the wing.
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Γin Γout
200C
200C
200C
wing
C
(a)
(b)
Fig. 15. Flow past a bat-like flapping wing: (a) schematic of computational setup,
(b) mesh distribution slice in the fluid domain at mid-span.
Table 9
Comparison of mean lift coefficient (C¯L), mean drag coefficient (C¯D) and
lift-to-drag ratio (C¯L/C¯D) for rigid and flexible wing
Results C¯L C¯D C¯L/C¯D
Rigid wing 0.6234 0.2391 2.61
Flexible wing 0.5746 (7.83 % ↓) 0.2076 (13.17% ↓) 2.77 (6.13 % ↑)
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(a) (b)
Fig. 16. Mesh characteristics on bat-like wing surface in (a) the fluid domain, (b)
the structural domain.
(a) (b)
Fig. 17. (a) Comparison of non-dimensional displacement contours in the vertical
direction for both rigid and flexible wings. (b) Wake structures of bat-like wing
based on the instantaneous iso-surfaces of Q(= −12
∂ufi
∂xj
∂ufj
∂xi
) value for both rigid and
flexible wings. Iso-surfaces of non-dimensional Q+ ≡ Q(C/Uref )2 = 0.25 are colored
by the normalized velocity magnitude ‖U‖ /Uref .
4.3 Effect of aerodynamic load
In this section, we investigate the effect of aerodynamic load on the structural
responses of the flapping wing. Both uncoupled and coupled aeroelastic cases
are simulated herein. The uncoupled case does not consider aerodynamic load
in the flapping motion, while the coupled aeroelastic case includes the cou-
pling with surrounding air flow. The angle of attack is assumed as zero and
the freestream velocity is set as 1.0 m/s for the flapping flight. The flapping
amplitude is given as 20◦ and the flapping frequency is set as 1 Hz. The iden-
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(a) Rigid wing (b) Flexible wing
: 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2‖U‖ /Uref
Fig. 18. Streamlines colored by the normalized velocity magnitude ‖U‖ /Uref around
the bat-like wing for (a) rigid wing, (b) flexible wing.
tical mesh distributions in Section 4.2 for both fluid and structural models are
adopted for the flapping wing simulation. The non-dimensional time step size
is selected as ∆tU/C = 0.00926.
The comparisons of the normalized location and the displacement in the verti-
cal direction at wing tip for both cases are shown in Fig. 19, respectively. The
nonlinear dynamic responses for the flexible bat-like wing have been affected
by the aeroelastic coupling effect significantly and the lagging effect of coupled
case becomes stronger than the uncoupled one. The iso-surfaces of the non-
dimensional Q-criterion of 0.25 for the bat-like wing colored by the normalized
velocity magnitude during a whole flapping motion period are given in Fig. 20.
The evolution of vortex generated from the leading edge, the trailing edge and
the wing tip during flapping flight can be observed. For a detailed analysis,
streamlines around this wing at t/T = 0.25 and t/T = 0.75 are shown in Fig.
21, respectively. A massive separation flow on upper surface near to the wing
tip is viewed at the downstroke motion. Such complex, nonlinear aerodynamic
phenomena, including leading edge vortex (LEV) generation and trailing edge
vortex (TEV) shedding, influence the structural responses via the aeroelastic
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Fig. 19. Comparison of uncoupled and coupled aeroelastic structural responses of
the bat-like wing for (a) normalized location in the vertical direction at wing tip,
(b) normalized displacement at wing tip.
coupling process. The effect of aerodynamic load on the bat-like flapping wing
is quite substantial.
According to the discussion presented above, the proposed multibody aeroelas-
tic solver is able to capture the physics of aeroelastic phenomena of the flexible
multibody flapping wing and it can be extended to a more general bat-like
wing. Meanwhile, the implementation of RBF method in current framework
and combination with NIFC approach have been proved as an effective scheme
to simulate flexible flapping wing. Finally, a bat-like wing with different flexi-
bilities for the bones and the membranes and the flapping frequencies should
be explored for further mechanism investigation based on the proposed aeroe-
lastic framework.
5 Conclusion
In this paper, a three-dimensional multibody aeroelastic framework is devel-
oped by coupling an incompressible turbulent flow solver with DDES method
and a flexible multibody structural solver discretized by geometrically exact
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(a) t/T = 0 (b) t/T = 0.25
(c) t/T = 0.5 (d) t/T = 0.75
: 0 0.2 0.4 0.6 0.8 1 1.2 1.4‖U‖ /Uref
Fig. 20. Flow past a bat-like wing: Wake structures of bat-like wing based on the in-
stantaneous iso-surfaces of Q(= −12
∂ufi
∂xj
∂ufj
∂xi
) value at (a) t/T = 0, (b) t/T = 0.25, (c)
t/T = 0.5, (d) t/T = 0.75. Iso-surfaces of non-dimensionalQ+ ≡ Q(C/Uref )2 = 0.25
are colored by the normalized velocity magnitude ‖U‖ /Uref .
co-rotational finite elements via partitioned domain decomposition strategy.
The nonlinear iterative force correction approach has been implemented and
coupled with the RBF interpolation method during the integration of incom-
pressible turbulent flow and a flexible multibody system to achieve a stable
and robust partitioned coupling process. The proposed aeroelastic framework
provides a feasible and high-fidelity tool to explore the design and optimization
of a wide range of flexible flapping wings, such as bionic MAVs and UAVs. We
validated the accuracy of our framework by simulating an anisotropic wing
made of multiple reinforced battens and membranes. A good agreement to
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(a) t/T = 0.25 (b) t/T = 0.75
: 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4‖U‖ /Uref
Fig. 21. Streamlines colored by the normalized velocity magnitude ‖U‖ /Uref around
the bat-like wing at (a) t/T = 0.25, (b) t/T = 0.75.
an experiment has been achieved, where the characteristic responses of the
flapping wing compared quite well with the experimental data. We further
demonstrated the applicability of our framework by investigating the aeroe-
lastic responses of a bat-like wing. The rigid and flexible wings under gliding
flight simulations were carried out and the effect of flexibility on the dynamics
of the bat-like wing was quantified. The lift-to-drag ratio increases by 6.13%
for the flexible wing due to the passive deformation of the wing and its com-
pliant membranes, compared to its rigid counterpart. Subsequently, the effect
of aerodynamic load has been studied by simulating a coupled and an uncou-
pled aeroelastic cases. It is observed that the aerodynamic load enhances the
lagging effect of the nonlinear structural responses significantly. In future, var-
ious aspects of a bat flight can be investigated via the developed framework,
which may include structural optimization, acoustic reduction, flight control,
and among others.
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